An optimal routing scheme in space information networks was presented to balance network loads for heterogeneous users. According to the competition among the nodes, the model was built based on queuing game theory. The virtual routing platform was in charge of resources allocation and route selection. It got user's gain to decide which node the user joined in. Owning to the existing of heterogeneous users, an optimal admission fee needed to be obtained to avoid congestion. In our model, firstly, the whole welfare of the system was formulated. Then the optimal admission fee was calculated through maximizing the whole welfare. Meanwhile, the average maximum queue length was generated to set the buffer space of the node. At last, a routing factor was introduced into the route algorithm in order that the optimal routing could be selected by heterogeneous users. As a result, the system welfare reaches the maximum.
Introduction
In the space information networks, various types of users cause different service requirements and urgency levels. For example, aircrafts ask for high real-time service and disaster relief centers need to get priority for using communication resources. However, this is hard to accomplish due to the network characteristics of the long delay and high link failure rate [1] . In most cases, the users are treated as one or limited few types to reduce the network resource consumption [2, 3] . These schemes simplify the system model, but ignore the real situation of space information networks. In order to improve the network performance, congestion control should be paid more attention [4] . Users with different service requirements and urgency are called heterogeneous users. They join a queue of a node depending on their own information. In contrast, users with lack of distinction accept nontargeted services. Obviously, it is unfavorable for the rational allocation of limited resources and congestion avoidance. The purpose of each user is to achieve the transmission of information under the premise of satisfying their demands. Therefore, a suitable or no-routing algorithm is particularly important.
In this paper, we build a system model of space information networks for heterogeneous users and then formulate this model using queuing game theory [5] . At last, an optimal routing based queuing game theory for heterogeneous users over space information networks (RQGH) algorithm is proposed to improve the network performance. We classify users by their different benefit value which will be obtained after completing service. It is assumed that the user's benefit is a random variable with continuous distribution. The more urgent is the larger the value of user's benefit is. The reason is the randomness and unexpected of users in space information networks. A user announced its benefit to the accessible nodes, and then the nodes which are the players of our game model choose the strategies according to their situation. On the basis of this process, users get the corresponding suitable service. High emergency user can be serviced when the normal user balks. It takes the heterogeneous users into account under the situation of overall fairness. Utilizing the optimal result of the built system model, we design the RQGH algorithm. It introduces a routing factor which is composed of the optimal admission fee, the current waiting cost, and the routing transmission cost. The first two parameters describe the state of the current routing node. The third parameter indicates the work situation of the whole route.
The rest of this paper is organized as follows. Section 2 introduces some related works. In Section 3, the theoretical framework is described through the system architecture and resource optimization of the routing node. Our proposed RQGH algorithm is given in Section 4. Simulations and comparisons are done in Section 5. At last, a conclusion is drawn in Section 6.
Related Work
Since satellites were sent into space, the researches about routing and resource allocation have been conducting. How to promote the use efficiency of satellite resources is a hot topic because of the high costs of space communication. Some of outcomes are shown in [6, 7] to solve the problem from the perspective of network topology. In recent years, many routing schemes using game theory and optimization theory have appeared in the literatures [8] [9] [10] . As a result, the overall state of the network can be optimized on the theoretical level.
In [6] , the authors designed a predictable mobile-routing protocol by developing a dynamic topology model for spacecraft networks. The predictable and unpredictable changes of networks were described in this topology model which is based on a notion of snapshots. Then they presented a topology information management algorithm to support the predictable link-state-based routing scheme. Therefore, the proposed routing protocol was able to handle both predictable and unpredictable changes, as well as their interaction.
In [7] , a virtual topology model was clarified based on Virtual Node method for low earth orbit satellite networks. It formalized the definition and designed routing protocol to reduce the requisite snapshots, optimize the snapshot length, and prevent path stretch and contraction. Furthermore, the deficiency of the satellite group manager method could be overcome in multilayered satellite networks.
In [8] , the authors used the differential game theory to formulate a dynamic power allocation model. Then they solved it and obtained a feedback Nash equilibrium solution for transmitted power. Based on this model, a joint cross-layer optimized routing was proposed in deep space information networks. They introduced a concept of the hybrid link homeostasis in order to describe the routing metric. This polynomial time algorithm could choose routing joint, allocate the transmission power, and form a predictable contact schedule at the same time. The effectiveness and feasibility were demonstrated by the numerical results.
In [9] , the authors controlled the admission price to determine whether customers join the queue for service in a multiple traffic environment. Load balancing in routing games was taken into account for / /1 type servers. One of their considered schemes was that each customer selects a server according to the optimal probability. The other was that some of the customers chose a server with probabilities of minimized total cost, and others adopted the first scheme.
In [10] , the authors utilized dynamical reference queue length to overcome the difficulty for satellite terminals to get unavailable information based on game theory. They focused on the scheme of queue length for enhancing the effectiveness of bandwidth allocation in broadband satellite networks. Through using the congestion pricing theory, a simple and effective Bandwidth-on-Demand algorithm was proposed with significant network information. This paper researches some new points following our previous work [11, 12] . In [11] , a preliminary queue congestion control model was presented on the basis of queuing game theory. It focused on the situation of leaving impatient users in space information networks. However, the different service requirements were not considered in this scheme. In [12] , service scheduling in Cloud Computing was studied based on queuing game theory. Through controlling the service scheduling strategy, this scheme maximized the Cloud Computing platform's total payoff. However, the model only considered that when a user's service request came, it would decide whether to join or balk the queue according to the value of the user's gain.
All the above researches explored solution schemes of routing problems or resource allocation, although adopting different methods in various environments. Comparing with their solutions, our work is focused on distinguishing heterogeneous users with various service requirements and emergency degree in space information networks. An effective routing scheme is then designed after the procedure of searching the optimal admission fee.
Theoretical Frameworks
We build a virtual routing platform (VRP) to discuss the resource optimization for a single node and then formulate the routing issue for the space information networks with multiple nodes. Considering the heterogeneous users, the arrival user's benefit is supposed to a random variable based on the queuing game theory. The buffer length of each node is finite. For single node in VRP, a user decides whether to join the buffer queue depending on its gain. The overall welfare consists of the user's gain and the node's profit. We can obtain an optimal condition after formulating and analyzing the overall welfare. Under the situation of multiple nodes in VRP, the optimal condition is utilized to construct a routing factor. The user chooses a path with the lowest routing factor to transmit information and achieve the optimal routing at last. Figure 1 describes a routing model which contains multiple nodes using the RQGH algorithm. The VRP concludes nodes of the space information networks, = 1, 2, . . . , ( ∈ + ). Each node has a route buffer for providing users the queue space to wait for forwarding. Unlike the model in [13] , the route buffer in our model is finite with a buffer length . Therefore, we formulate an / /1/ queuing game model for resource optimization of a single node. In our model, heterogeneous users enter the VRP and ask for routing services. The heterogeneous 
Architecture of the System.
The length of the queue l characteristics of the users are denoted by the random variation of the users' benefit with a distribution function Ψ as shown in Definition 1. For multiple nodes in the VRP, the nodes calculate their user's gain ( ) and allow the user to enter the node which has the maximum ( ). is the queue length and 0 ≤ ≤ ( ∈ + ). When the nodes are full, they will refuse to provide the service for any user. Therefore the game occurs under the condition 0 ≤ < . Based on the result of resource optimization for a single node, all the nodes in the multiple nodes model can calculate their routing factors which consist of the current costs and the routing transmission costs. When a user enters the VRP, the corresponding routing factor of each alternative node is announced to the VRP, and then the VRP chooses the node with the lowest routing factor to allow the user being serviced. It achieves an optimal routing. Note that a node may obtain more than one routing factor due to the multiple routing choices. Definition 1. For multiple nodes in VRP, a user pays an admission fee to the node for getting routing service. Its benefits which are obtained after being serviced completely by the node are a random variable with a distribution function Ψ. We assume that it is a normal distribution. The mean and the variance of distribution function Ψ are assumed as and 2 , respectively. The user decides to join the queue of this node only if its gain ( ) is the maximum.
From this definition, the heterogeneous users' benefits are different in the space information networks. A stationary Poisson stream of the user arrives to a VRP with parameter . The service times of the routing nodes in the space information network are independent, identically, and exponentially distributed with parameter . The system's utilization factor is defined as = / [5] . For stability, we assume that 0 < < . According to the user's benefit and the waiting cost, we can calculate the user's gain ( ). If ( ) is the maximum, the user joins the queue. Then the whole welfare ( ) is obtained. In order to get the optimal ( ), we need to find the most suitable admission fee .
Definition 2.
In the routing model with multiple nodes, the nodes announce routing factors to the VRP after a user entrance. It contains the following three parts. The first is the optimal admission fee * of each node. The second is the current waiting cost ( ) which is relevant to the number of users in the queue. The last is the routing transmission cost ( ) which is determined mainly by the transmission distance and the link failure rate. denotes the routing transmission cost per unit of distance.
From this definition, we obtain the optimal admission fee * of each node by resource optimization and utilize it as a component part of the routing factor. It is of benefit for guaranteeing the individual optimal of each routing node. By such analogy, the routing factor is defined to make sure that the optimal routing can be selected.
Specifications of the RQGH algorithm parameters are given in the following part. 
Specifications of the Parameters of RQGH Scheme for Single Node

Resource Optimization of the Routing Node.
In order to optimize routing selection of the whole space information networks, we first should make each node resource optimization. A user pays an admission fee to the node before getting routing service and receives a benefit once to be serviced completely. In this process, the user also needs to pay for waiting in the queue. The charge ( ) depends on the queue length. Therefore, the user's gain is obtained as ( ) = − − ( ). If the user's gain is the maximum, it will be selected to the node. As we discussed above, the user's benefit is a random variable with distribution function Ψ. Given a maximum queue length of , the probability of observing users in the system is . The node's profit is
where ( ) = (( + 1)/ ). [1 − Ψ( + ( ))] denotes the probability of a user joining the queue of the node. The whole welfare ( ) of the system can be specified as
where [ ( | > + ( )) − ( )] denotes the sum of the user's gain and the node's profit when the queue length is . For the imposed admission fee , the generated impact for each node in the system is the same if the users are the same. However, in the space information networks, more and more heterogeneous users need to be serviced. Selected admission fee affects the system performance and the service fairness. Based on queuing game theory, we formulate a resource optimization model for a single node in the VRP. The queue model is / /1/ . 
Proof. The distribution function of user's benefit can be formulated as
where Ψ( ) equals the probability of ≤ which is denoted as { ≤ }. While the system is in the state , the expected whole welfare gained from a user who arrives is
where
With the restriction of the buffer length , the average welfare contribution of the system per unit of time is
In order to calculate the optimal admission fee, we first solve the welfare with ∈ [0, +∞). Under the stable statement [14] , we can get the following algebraic equations.
For 0 state,
When users are present, the joining arrival rate is
Because of the regularity condition ∑ ∞ =0 = 1, 0 can be calculated as
Then the whole welfare ( ) can be rewritten as
After optimizing the formula (9), we can obtain the optimal admission fee as 
where denotes the expectation of a random variable .
Proof. According to Theorem 3, the th user's gain can be rewritten as
where denotes th user's benefit. Only when ( ) ≥ , most users will be serviced. Then we can get
Taking into account the overall situation of the model, we utilize the expectation of a random variable to satisfy node resource allocation in most cases. A restraint condition of the queue length is
Then we can obtain the restraint condition of queue length as follows:
Because the queue length is an integer, we can get the maximum queue length as
In the space information networks, our queuing game model is / /1/ . With the restraint condition of formula (11) , the value of needs to be set more than max so as to obtain the whole optimal welfare ( * ). With the consideration of the real network environment, we spread the above results to our multiple nodes routing model. Resource optimization flow of the routing nodes is illustrated in Figure 2 . Firstly, we calculate the whole welfare of each node in VRP. Then an optimal admission fee of the corresponding node is obtained by maximizing the whole welfare. After that, we evaluate the user's gain using the average of the user's benefit to get the maximum queue length of each node. It is useful for defining the buffer length of nodes. When new users arrive, the VRP announces which node is selected according to the optimal admission fee and the current queue length of nodes. If all nodes are full, users will balk and wait for retransmission. Else the user will be selected by the node with the maximum value of the gain.
An Optimal Routing Algorithm Based on Queuing Game Theory
In space information networks, various nodes provide service for heterogeneous users. To make sure that the optimal routing can be selected to users, we design a RQGH algorithm.
The most important part of this algorithm is a routing factor of each node. As Definition 2, it consists of the optimal admission fee * , the current waiting cost ( ), and the routing transmission cost ( ). When heterogeneous users enter the VRP, the nodes announce the users' gain and the top one should be selected for users to get routing service. This selected node checks its routing table and chooses the route with minimum routing factor. Routing factor of the node is calculated as
where ( ) = ; denotes the information transmission distance between the current node and the destination node.
According to the above discussion, we know that the optimal admission fee * is a constant for the same nodes. In the whole routing system, ∑ * describes the influence of the number of hops. The routing distance ( ) also can be sure after selecting a route and the delay status can be considered by it. However, the current waiting cost is dynamic changing with the changing number of users in the queue. ( ) expresses the current situation of the routing nodes.
The RQGH algorithm is designed based on the result of a queuing game model and takes the hops and the information transmission distance of routing into account. So an optimal routing can be obtained to allocate the resources reasonability and improve the efficiency of the network. When users enter the VPR, they focus on the situation of their gain from all the available nodes. If the user's gain is the maximum, the corresponding node is one of the eligible service nodes. The user is selected to the node which generates the maximum gain and joins the queue. Then this node is considered as a sending node. We check its routing table for accessible routes and calculate the routing factors of each path. After comparing the value of the routing factors, the route with minimum routing factor is determined as the user's path. While the user joins the queue of the destination node, the ACK is returned to the sending node, as shown in Algorithm 1.
Simulations and Comparisons
In this section, we concentrate on the performance simulation of the proposed RQGH algorithm in a VRP of space information networks. We will give two simulations to demonstrate the efficiency of our proposed model. In the first numerical simulation, the optimal admission fee is evaluated under the determinate network environment. Then the performance of our scheme will be shown through changing the value of system parameters. In the second system simulation, we will compare the end-to-end delay and Obtain the optimal admission fee Determine which queue to be joined, using Node the throughput of the traditional algorithm and our RQGH algorithm.
In the first numerical simulation, the experiments and analysis are divided into the following three steps. Firstly, we get the node's profit and the whole welfare with different admission fees according to our system model. The admission fee which corresponds with the peak value of the whole welfare is the optimal admission fee * . Secondly, the trends of the whole welfare and the optimal fee are described under different levels of congestion. At last, the average maximum queue length is calculated with the corresponding optimal admission fee. The value of the common simulation parameters is defined as in Table 1 .
We define ∈ [80, 120] to simplify the following calculation. The node's profit and the whole welfare with different admission fees are presented in Figure 3 . The whole welfare consists of the node's profit and the user's gain. The intersection point of the solid curve and the dotted curve means that the user's gain equals zero at the corresponding admission fee.
With the increase of the admission fee, the whole welfare first increases and then decreases. In order to maximize the whole welfare, we obtain the optimal admission fee * denoted by the asterisk of the peak value of the solid curve.
In order to show the influence of congestion level of network performance, we simulate the whole welfare with the growing arrival rate. The parameter of the arrival rate is given
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The user enters a VPR which concludes nodes.
denotes the th node and = (1, 2, . . . , ) denotes the destination node. There are accessible routes from node to node . for = 1 :
Calculate the user's gain ( ) of the th node. if < Store it in . else
The service request balks. end for ℎ = arg(maximize(
)) The user chooses the ℎ th node, and joins its queue. for = 1 :
Calculate the routing factor of the th path, and store it in . end for = arg(minimize( )) The user is chosen to the th path to route. After servicing the user , the node returns the ACK to the node ℎ. by = {50, 53, 56, 59} and the service rate remains unchanged. As shown in Figure 4 , the larger the , the greater the maximum of the whole welfare. It means that our model is able to improve the upper bound of the network performance while the degree of congestion increases. Since the number of arriving users rises, the system balances the load through increasing the optimal admission fee. As a consequence, we observe that the corresponding optimal admission fee becomes bigger.
Due to the finite buffer of the node, the reasonable maximum queue length needs to be set. With the assumption = 0, Figure 5 gives the average maximum queue length max with different optimal admission fees. Therefore, the buffer length of the node must be no less than max such that the system can achieve an optimal state. With the increase of the optimal admission fee, the average maximum queue length decreases. The cause is that the user's gain becomes smaller. In the second realistic simulation, we compare the average end-to-end delay and the throughput of the route delivery rate of the traditional algorithm and our RQGH algorithm to show the improvement of the network performance. We select the DARTING which is proposed in [15] to simulate the traditional congestion control scheme. A realistic simulation environment is built by using the Opnet5 [16] . All the schemes and data sources are simulated on the Intel Pentium5 Dual-Core 3.00 GHz using C language.
As shown in Figure 6 , the average end-to-end delay of the RQGH algorithm is lower. The reason is that users are serviced according to their requirements. While in traditional algorithm, users with different emergency degree are treated the same. It saves waiting time and then improves the transmission efficiency.
From Figure 7 , we can see that our proposed algorithm have the bigger throughput. The explanation is that the designed RQGH algorithm utilizes the optimal admission fee as one part of the routing factor. It can improve the effectiveness of the system.
Conclusion
In space information networks, there are heterogeneous users due to different service requirements and urgency levels. RQGH scheme is proposed to achieve the optimal routing for heterogeneous users. It models the whole welfare of the system through the queuing game theory and calculates the optimal admission fee to make sure that the network performance achieves theoretical optimal state. According to the restriction of user's gain being no less than a constant, the average maximum queue length is evaluated with the corresponding optimal admission fee. Therefore, the buffer length of the node must be no less than the average maximum queue length to attain the maximum performance of the system. After a routing factor is introduced into our RQGH algorithm, users can select an optimal routing in space information networks. Because the routing factor consists of the optimal admission fee, the current waiting cost, and the routing transmission cost, it covers the current optimal state of the node and the routing cost situation. At the same time, the lowest routing factor implies an optimal routing among all accessible paths. On the other hand, the congestion problems are solved at a certain degree. The results of simulations show the optimal admission fee of the node and prove the feasibility of RQGH algorithm.
For the future work, we attempt to distinguish users by their priority levels which need to be bought. Priority level of the user is more practical for the limited network resources. Then how to select prices that induce users to buy the surefire priority level is the key. Finally, the whole welfare is maximized based on this solution.
